The 3.531 eV negative ion photoelectron spectra of the hydroperoxide ion and the tert-butylperoxide ion have been studied. 
I. INTRODUCTION
Atmospheric oxidation of hydrocarbons leads to the formation of peroxyl radicals, which have a rich literature. [1] [2] [3] [4] Radical abstraction of a hydrogen atom from hydrocarbons ͑RH͒ generates the resulting alkyl radical, R, which readily adds O 2 to form peroxyl radicals (RO 2 ). In the troposphere, peroxyl radicals are a crucial link 5, 6 in the formation of tropospheric ozone RϩO 2 ϩM→RO 2 ϩM, ͑1͒
RO 2 ϩNO→͓ROONO͔→ROϩNO 2 , ͑2͒
NO 2 ϩsunlight→NOϩO͑ 3 P ͒, ͑3͒ O͑ 3 P ͒ϩO 2 ϩM→O 3 ϩM. ͑4͒
Reactions ͑1͒ and ͑2͒ are fast, 7, 8 . In combustion processes, alkylperoxyl radicals are formed by the rapid addition of alkyl radicals to oxygen. The HRO 2 radicals produce different products at varying temperatures, and the rearrangement product RO 2 H is of practical interest since it is implicated in ''engine knock,'' which limits the temperature range ͑and efficiency͒ of internal combustion engines, 9 C N H M CH 2 -CH 2 OO→͓C N H M CH-CH 2 OOH͔ →C N H M CHϭCH 2 ϩHO 2 . ͑5͒
There is a spectacular prediction 10, 11 about the formation and reactivity of the vinylperoxyl, CH 2 vCH-O 2 , and phenylperoxyl, C 6 H 5 -O 2 , radicals. These species are key inter-mediates in the oxidative destruction of hydrocarbons ͑in particular aromatic molecules͒ and studies of these species are just beginning. 12, 13 The predicted cyclization and fragmentation of these unsaturated peroxyl radicals are important reactions and, if proven, demonstrate the remarkable versatility of these species.
In order to understand the chemistry of alkyl peroxyl radicals, it is essential to have an accurate grasp of the thermochemistry, spectroscopy, and dynamics of these species. We restrict the subject of this paper to the saturated alkyl peroxyl radicals; the properties of CH 2 CHO 2 and C 6 H 5 O 2 will be investigated in future studies. An exhaustive review of peroxyl radicals has recently appeared. 14 The simplest peroxyl radical is hydroperoxyl, HO 2 , and it has been well studied in the laboratory as well as in the atmosphere. 15 The structure of the hydroperoxyl radical is dictated 16, 17 by that of O 2 and we can represent 18 the low-lying states of HO 2 as in ͑6͒.
͑6͒
Some of the values for bond lengths and energy splittings have been previously studied and are listed in Table I .
This paper reports our investigations of the spectroscopic and thermochemical properties for the simple alkylperoxyl radical, tert-butyl peroxyl. Table II lists the previously reported parameters for ͑CH 3 ͒ 3 COO. By combining the experiments of ͑a͒ negative ion photoelectron spectroscopy, and ͑b͒ gas phase acidity measurements, 19 we are able to measure the electron affinity ͑EA͒ of the peroxyl radical, the splitting between electronic states, the peroxyl radical's vibrations excited by photodetachment, and the enthalpy of deprotonation (⌬ acid H 298 ) of the parent tertbutylhydroperoxide. These parameters for ͑CH 3 ͒ 3 COO will be compared to those for HO 2 . We expect the photodetachment spectra for HO 2 Ϫ ͑which has been examined earlier͒ 20, 21 and that of ͑CH 3 ͒ 3 COO Ϫ to be quite similar.
Expression ͑7͒ shows the GVB representations 17 
summarizes the negative ion photodetachment experiment. The vibrations most likely to be excited in the radical ͑CH 3 ͒ 3 COO are modes dictated by geometry changes from the anion to the radical,
Expression ͑7͒ suggests that upon photodetachment, the radical is anticipated to have an excited O-O stretch due to differences in the O-O bond length between the anion and the neutral. The vibration corresponding to bending of the O-O-X ͓XϭH,͑CH 3 ͒ 3 C͔ angle may also be excited, although less of a geometry change is expected for the bond angle. The ͑CH 3 ͒ 3 C group is expected to stabilize the extra electron in the anion better than does the H atom, so the electron affinity of ͑CH 3 ͒ 3 COO is expected to be higher than that of HO 2 .
II. EXPERIMENT

A. Negative ion photoelectron detachment
The negative ions were created in a flowing afterglow apparatus that has been previously described. 22 Tert-butyl hydroperoxide was purchased from Aldrich; approximately 90% pure H 2 O 2 was prepared from standard 30% H 2 O 2 from Aldrich by bubbling N 2 through the mixture to evaporate the water. These two precursors were used without further purification. Vapor from the precursor was introduced into the flowing afterglow by means of a leak valve, with the largest ion beams obtained when the peroxides had minimal contact with metal tubing. The precursor was deprotonated by O Ϫ created from O 2 which was added before the microwave discharge. The negative ions HO 2 Ϫ and ͑CH 3 ͒ 3 COO Ϫ were selected by a Wien velocity filter before being photodetached by light from a circulating build-up cavity fed by a fixed frequency argon ion laser at 351.1 nm ͑3.531 eV͒. Photodetached electrons were focused and passed through a hemispherical energy analyzer. In order to reduce rotational broadening in the photodetachment spectra, the flow tube is cooled with liquid N 2 , producing ion temperatures of 200 KϮ30 K.
The photoelectron spectra are calibrated 23 with respect to O Ϫ and transformed to the center of mass ͑cm͒ frame by a standard 24 expression where E is the cm kinetic energy ͑eV͒ of an electron detached from an ion of mass M ͑amu͒ which is passed by the energy analyzer when the slit voltage is V. The beam energy is W, m e is the mass of an electron, and ␥ is the dimensionless scale compression factor ͑typically 1.000Ϯ0.006͒,
͑9͒
B. Flowing afterglow selected ion flow tube measurements
The gas phase acidity of tert-butyl hydroperoxide ͓⌬ acid G 298 ͑͑CH 3 ͒ 3 COOH͔͒ was measured using a tandem flowing afterglow-selected ion flow tube ͑FA-SIFT͒ apparatus. 25 Two independent methods were employed to establish the acidity of this compound. The first approach 26 involved the measurement of the rate constant for proton ) of a reference acid, as well as the rate constant for the reverse reaction,
The ratio of the two rate constants k 10 and k Ϫ10 gives the proton transfer equilibrium constant K equi (10) , which is related in a simple way to the difference in gas phase acidities of the two compounds,
͑11͒
The second method 27 is that of Cooks and co-workers; the approach is based on collision-induced dissociation ͑CID͒ of ion-molecule complexes ͓A¯H¯B͔ Ϫ , which yields fragment ions A Ϫ and B Ϫ in a ratio which reflects their relative basicity,
The method is most reliable when the components of the cluster are chemically and structurally similar, so that entropy differences between the two dissociation channels are minimized. [27] [28] [29] The calibration coefficient ␣ in Eq. ͑13͒ may be unity or greater depending on specific experimental conditions. It may be determined from calibration plots of ln(͓A Ϫ ͔/͓B Ϫ ͔) vs known ⌬⌬G acid values for compounds of similar structure. 28, 29 The hydrogen bonded clusters used in the second ͑ki-netic͒ method, ͓͑CH 3 ͒ 3 COO Ϫ •HOR͔ and ͓R 1 O Ϫ •HOR 2 ͔, were generated by chemical ionization of a mixture of the two parent compounds by the OH Ϫ precursor in a flow of helium buffer gas ͑0.2 Torr͒. Precursor ions were generated upstream in the flow tube by electron impact on the mixture of N 2 O and CH 4 . The dissociative ionization of N 2 O yields O Ϫ which rapidly abstracts a hydrogen atom from methane to give OH Ϫ . The cluster of interest was mass selected in the SIFT quadrupole and injected into the second flow tube ͑0. 5 Torr of helium͒ at a laboratory frame kinetic energy of approximately 25 eV. The observed abundances of the two fragment anions were corrected to account for mass discrimination of the detection system. The correction factor for the difference in sensitivity at the extremes of mass detection ͓mass-to-charge ratios 87 and 107 for ͑CH 3 ͒ 3 CCH 2 O Ϫ and C 6 H 5 CH 2 O Ϫ , respectively͔ was typically 1.2 and did not exceed 1.5. Figure 1 illustrates the similarities between the photodetachment spectra of the two peroxide anions, HO 2 Ϫ and ͑CH 3 ͒ 3 COO Ϫ . In each spectrum, two major progressions mark the two electronic states, ROO X 2 AЉ and ROO Ã 2 AЈ. In the HO 2 Ϫ spectrum, each electronic state has one vibrational mode excited; in the ͑CH 3 ͒ 3 COO Ϫ spectrum, both states appear to have two active modes. The electron affinities and separations between electronic states are similar for the two peroxyl radicals.
III. EXPERIMENTAL RESULTS
A. Negative ion photoelectron detachment
The HO 2 Ϫ fitted spectrum is displayed in Fig. 2 . The present data for HO 2 agrees well with previous experiments. . The ''raw'' electron affinity of HO 2 Ϫ was extracted from the ͑0,0͒ band at 2.447 eV and yields a value of 1.084 eV. We use an approximate rotational correction ͑using calculated and known rotational constants͒ to identify the final electron affinity. 30 In the X 2 AЉ state, the ͑0,0͒ transition is 0.005 eV from the center of the peak due to the rotational profile underneath, and in the Ã 2 AЈ state, an adjustment of 0.004 eV must be made. We have used calculated rotational constants to estimate the peak broadening in the spectra due to rotational transitions. 31 We find that the calculated peak width for HO 2 is 24 meV, close to the observed value of 29 meV. uncertainty in the values, one must take into account the reproducibility of the measurements ͑0.004 eV͒, the instrumental uncertainty ͑0.006 eV͒, and an estimate for the rotational correction ͑0.001 eV͒.
Use of these corrections gives the final value for EA͑HO 2 ͒ϭ1.089Ϯ0.006 eV, in good agreement with the value of 1.078Ϯ0.017 eV reported previously. 21 The hydroperoxyl spectrum was fit with the established O-O stretch vibrational frequencies of 3 ϭ1097.63 cm Ϫ1 for the X state and 3 ϭ929.068 cm Ϫ1 for the Ã state. 32 The splitting ⌬E(Ã 2 AЈ←X 2 AЉ)ϭ0.871Ϯ0.007 eV from our photoelectron spectrum is in excellent agreement with the previously measured splitting of 7029.684Ϯ0.002 cm Ϫ1 ͑0.871 574 5 Ϯ0.000 000 2 eV͒. [32] [33] [34] [35] The spectrum of ͑CH 3 ͒ 3 COO Ϫ is analyzed by analogy to that of HO 2 Ϫ as the overview spectrum in Fig. 1 implies. Figure 3 is an expanded view of the photoelectron spectrum of the X 2 AЉ state of ͑CH 3 ͒ 3 COO, with our fit. Detachment to ͑CH 3 ͒ 3 COO X 2 AЉ excites at least two vibrations that will be labeled p and q . The electron affinity of ͑CH 3 ͒ 3 COO is labeled as ͑0,0͒ and is assigned 1.196Ϯ0.011 eV, greater than that of HO 2 . Use of calculated rotational constants indicates that the rotational origin is not shifted from the center of the peak, so no corrections are made. The uncertainty will be discussed below. The empirical fit to the spectrum found a frequency of p ϭ1130Ϯ90 cm Ϫ1 comparable to the O-O stretch frequency of 1098 cm Ϫ1 observed in HO 2 . A frequency of 1124Ϯ10 cm Ϫ1 has been assigned to the O-O stretch of ͑CH 3 ͒ 3 COO in an argon matrix. 36 The other active mode was found to be q ϭ245Ϯ90 cm
Ϫ1
. Figure 4 shows the fit to the Ã 2 AЈ state of ͑CH 3 ͒ 3 COO and the two active modes are labeled r and s . In the excited state, r ϭ930Ϯ90 cm Ϫ1 and s ϭ240Ϯ90 cm Ϫ1 ͑simi-lar to the 929 cm Ϫ1 O-O stretch in Ã 2 AЈ HO 2 ͒ were used to fit the spectrum. The tert-butyl peroxyl intercombination gap indicated as ͑0,0͒ was found to be greater than that of HO 2 , and is ⌬E͓(CH 3 ) 3 For the ͑CH 3 ͒ 3 COO Ϫ spectrum, the peak width for the X 2 AЉ state estimated using calculated rotational constants is 8 meV, and we observe the peak widths in both the X and Ã states to be approximately 22 meV. Since there is always the possibility that the peaks cannot be described by a simple fit of one frequency to a Gaussian peak, we have adopted error bars for the ͑CH 3 ͒ 3 COO Ϫ spectrum accordingly. The yields of photodetached electrons are angular dependent. The distribution of scattered photoelectrons, I(), is approximated 38, 39 by the following expression:
In this expression, is the angle between E laser and the electron collection direction, is the average photodetachment cross section, and ␤(E) is the anisotropy factor which depends on the energy of the scattered electron, E. The anisotropy factor ␤(E) can vary from Ϫ1 to ϩ2(Ϫ1р␤р2).
The photoelectron spectra shown in Figs. 1-4 are collected under conditions where is set to the ''magic angle'' of 54.7°where P 2 (cos )ϭ0 so that I()ϭ /4 and is independent of ␤(E). If spectra are collected at ϭ0°͑E laser and collection direction ʈ ͒ and ϭ90°͑E laser and collection direction Ќ͒, one can extract a value for the anisotropy factor,
The value of ␤ provides important information as to the nature of the photodetached electron. In atoms, detachment of an s electron leads to an outgoing p-wave (lϭ1) and ␤ ϭϩ2, independent of electron kinetic energy. Detachment of a p electron results in a mixture of interfering s-and d-waves and leads to an energy dependent value for ␤ (E). At photodetachment threshold, s-wave (lϭ0) detachment dominates giving ␤ϭ0 and yielding an isotropic photoelectron angular distribution. At photoelectron kinetic energies roughly 1 eV above threshold, d-wave detachment becomes important and ␤→Ϫ1. Electron detachment from molecular ions is more complicated than the atomic case, but ␤ is generally found to be positive for detachment from ͑s-like͒ electrons and negative for detachment from ͑p-like͒ orbitals.
The asymmetry parameter ␤ measures the change in photodetachment caused by a change in the polarization angle of the laser; it can indicate the character of the orbital of the negative ion from which the electron was detached. For the HO 2 Ϫ spectrum in Fig. 5 bond length explains the presence of the progression in the O-O stretch, and the difference in the bond angle hints at the possibility of some bending vibrations. 
C. Gas phase acidity of tert-butylhydroperoxide
We used phenylacetylene (⌬ acid G 298 ͓C 6 H 5 CwC-H͔ ϭ362.9 kcal mol
Ϫ1
) as a reference acid 40 in the establishment of the gas phase acidity of ͑CH 3 ͒ 3 COOH through measurement of proton transfer rate constants,
The rate of proton transfer from tert-butyl hydroperoxide to phenyl acetylide anion (k 16 ) was measured to be 6.12 (Ϯ0.63)ϫ10 Ϫ10 cm 3 molecule Ϫ1 s
, and the reverse rate constant (k Ϫ16 ) was found to be 8.50(Ϯ0.18) ϫ10 Ϫ10 cm 3 molecule Ϫ1 s
. Therefore, tert-butyl hydroperoxide is 0.20Ϯ0.07 kcal mol Ϫ1 less acidic than phenylacetylene and its absolute gas phase acidity may be assigned as 363.1 kcal mol
. Collision induced dissociation of ͑CH 3 ͒ 3 COO Ϫ was observed upon the injection of this ion into the reaction flow tube to produce HO 2 Ϫ and ͑CH 3 ͒ 2 CvCH 2 . However, the presence of HO 2 Ϫ ͑amounting to 10%-15% of the parent ion͒ does not affect the rate measurements of Eq. ͑16͒.
Benzyl alcohol, ͑CH 3 ͒ 3 CCH 2 OH, and ͑CH 3 ͒ 3 CCH͑OH͒CH 3 were used as reference acids for measurement of ⌬ acid G 298 ͓͑CH 3 ͒ 3 COOH͔ by Cooks' kinetic method and to verify the applicability of this approach for the systems studied. No products were observed in the CID spectra of the hydrogen bonded anion clusters other than the two anions competing for the proton. This is noteworthy in view of the fact that individual anions may be unstable towards elimination reactions even when injected at much lower kinetic energies. Ϫ were subjected to collisioninduced dissociation. We may conclude therefore that the process of dissociation of a cluster effectively dissipates the energy gained by collisions with the buffer gas, thus allowing for the survival of the component anions. Based on a calibration plot we found the coefficient ␣ in Eq. ͑13͒ to be essentially unity in this flowing afterglow study, in line with our previous observations. 28 The ladder of relative acidities obtained by the kinetic method is presented in Fig. 6 together with literature values 40 for the absolute acidities. Internal consistency of the ladder indicates that the kinetic method gives reliable values for the relative acidity of the compounds studied.
One should notice however that the relative acidity of 3,3-dimethylbutanol-2 ͓͑CH 3 ͒ 3 CCH͑OH͒CH 3 ͔ measured in this work disagrees with the literature value. This discrepancy prompted us to reexamine the absolute acidity of this compound using the thermodynamic method. We measured the rate constant for proton transfer from 3,3-dimethyl-butanol-2 to the anion 40 . This is 0.6 kcal mol Ϫ1 higher than the literature value. Although this value is still within the stated 40 error bar (Ϯ2.0 kcal mol Ϫ1 ), the correction is important as it makes the acidity ladder established in Fig. 6 consistent with the absolute acidity values and allows us to establish unequivocally the acidity of tert-butyl hydroperoxide from Cooks separately find the electron affinity of the corresponding radical ͓EA͑R͔͒, then a simple cycle that uses the ionization potential of the H atom can provide a value for the bond enthalpy ͓DH 298 ͑RH͔͒,
͑18͒
Since the sum of the integrated heat capacities is always 41 small (р0.3 kcal mol
Ϫ1
), the term in brackets can be ignored and we will use a more common expression, ⌬ acid H 298 ͑RH͒ХDH 298 ͑RH͒ϩIP͑H͒ϪEA͑R͒.
The bond energies of hydrogen peroxide have been measured earlier 15 and are reported as D 0 ͑HOO-H͒ϭ86Ϯ1 kcal mol Ϫ1 and DH 298 ͑HOO-H͒ϭ88Ϯ1 kcal mol
. Because there are accurate values for the hydrogen peroxide bond enthalpy and the hydroperoxyl electron affinity is available, we can compute the value of the enthalpy of deprotonation of hydrogen peroxide more accurately than it has been measured, 41 . The bond enthalpy at 298 K and the bond energy at 0 K are related by the heat capacities,
͑19͒
Since the integrated heat capacity for the H atom is 5/2RT, we compute D 0 ͓͑CH 3 ͒ 3 COO-H͔ϭ83Ϯ2 kcal mol
Ϫ1
. These bond enthalpies 43 45 studied the equilibrium reaction of oxygen with alkyl radicals, RϩO 2 RO 2 . These studies measured the bond enthalpies for ethylperoxyl radical, DH 298 ͓CH 3 CH 2 -O 2 ͔ϭ35.2Ϯ1.5 kcal mol
, and tertbutylperoxyl radical, DH 298 ͓͑CH 3 ͒ 3 C-O 2 ͔ϭ36.7Ϯ1.9 kcal mol Ϫ1 ; other less direct studies are available as well. 46 Table VI lists some bond dissociation reactions with enthalpies computed from the experimental heats of formation listed for comparison. We have also included the thermochemistry of alkylperoxyl radical oxidation of NO to NO 2 because of the importance of this process in tropospheric ozone formation. 5 Ab initio complete basis set electronic structure calculations 47, 48 using the GAUSSIAN 94 program 49 can successfully reproduce the experimental bond energies. Table  VII lists the results of the CBS-Q calculations that we have performed for hydrogen peroxides and the three simplest alkylperoxides.
V. THERMOCHEMISTRY AND REARRANGEMENT MECHANISMS OF PEROXYL RADICALS
In this study we have refined the value of EA͑HO 2 ͒. There are several measures of the ionization potential, 
IP͑HO 2 ͒. The bond energy and photoionization mass spectrometric appearance energy are related 41 through the ionization potential of the radical,
An older electron impact mass spectroscopy study 50 15 for D 0 (HOO-H) permitted the hydroperoxyl ionization potential to be extracted from AP͑HO 2 ϩ ,H 2 O 2 ͒ via Eq. ͑20͒ and it was found to be IP͑HO 2 ͒ϭ11.40Ϯ0.03 eV ͓or 11.7Ϯ0.1 eV using the older appearance potential of Foner and Hudson͔. The photoelectron spectrum of the hydroperoxyl radical has been reported 52 and photoionization produced HO 2 ϩ X 3 AЉ with IP͑HO 2 ͒ϭ11.35Ϯ0.01 eV. The ionization potential for hydrogen peroxide itself, IP͑H 2 O 2 ͒, is poorly resolved 53 and is quoted as 11.69 eV while oxygen is listed 54 as IP͑O 2 ͒ϭ12.071 eV. This value for IP͑HO 2 ͒ is striking since a heteroatom adjacent to a radical site generally lowers the IP appreciably. For example 55 Following our detailed discussion of the spectroscopy and thermodynamics of the hydroperoxyl and tertbutylperoxyl radicals, HO 2 and ͑CH 3 ͒ 3 COO, we turn our attention to ͑a͒ discussion of the available thermochemistry of the saturated alkylperoxyl radicals and ͑b͒ a novel mechanism for the rearrangements of saturated alkylperoxyl radicals ͑ROO͒ in combustion.
A. Alkylperoxyl radical thermochemistry
In Table VI , we have collected the most accurate thermochemistry for the RO 2 radicals that we are aware of. This table is arranged in two sections. The first section is a collection of auxiliary heats of formation of important species while the second section gives the reaction enthalpies of several important processes for RO 2 radicals.
From reactions ͑A1͒, ͑A5͒, ͑A11͒, and ͑A17͒, notice that the OH bond enthalpy, ROOH→RO 2 ϩH, is about 85 kcal mol Ϫ1 while the OO bond enthalpy, ROOH→ROϩOH, ͓͑A2͒, ͑A6͒, ͑A12͒, and ͑A18͔͒ is roughly 50 kcal mol
Ϫ1
, as might be expected. Notice the peculiar fact that for the peroxyl radicals the ROO bond enthalpy, ROO→ROϩO, is always about 63 kcal mol Ϫ1 ͓͑A3͒, ͑A9͒, ͑A15͒, and ͑A21͔͒. Thus the bond enthalpy for the radical, RO-O, is larger than that for the hydroperoxide, RO-OH, by ϳ13 kcal mol
. This suggests that alkylperoxyl radicals ͑ROO͒ are likely to be more stable in a flame than the parent peroxide, ROOH.
In analogy with Eq. ͑7͒, one can make a reasonable conjecture about many of the important states of the alkylperoxyl radicals, cations, and anions; these are explicitly shown in expression ͑21͒. The GVB diagrams are compatible with the finding 37,57 of a ubiquitous RO 2 Ã state of 2 AЈ symmetry in the near IR region of the electromagnetic spectrum at T e Х7400 cm
. Similarly ͑22͒ predicts that the electron affinity of the RO 2 radicals are universally higher than that of O 2 . Charge transfer between O 2 Ϫ and RO 2 radicals is the basis of a chemical ionization mass spectrometric technique 7, 8 for the monitoring of atmospheric alkylperoxyl radicals ͓EA͑O 2 ͒ϭ0.451Ϯ0.007 eV͔. 58 There is also a general, high lying 2 AЉ dissociative state 1 of the RO 2 radicals near 225-250 nm in the absorption spectrum,
B. Rearrangements of saturated alkylperoxyl radicals
The reaction of oxygen and alkyl radicals ͑or H atoms͒ is very exothermic, RϩO 2 ϩM→RO 2 (X 2 AЉ)ϩM. For example it is exothermic ͓see ͑A4͔͒ to form HO 2 from HϩO 2 3 ⌺ g Ϫ by 50 kcal mol
Ϫ1
. The heat of reaction, RϩO 2 →RO 2 , of some other : ͓CH 3 , Ϫ32.5Ϯ0.7͔, ͓CH 3 CH 2 , Ϫ36Ϯ2͔, and ͓͑CH 3 ͒ 3 C, Ϫ37 Ϯ2͔. The combination of oxygen with the alkyl radicals always leads to a 33-37 kcal mol Ϫ1 exothermic generation of alkylperoxyl radicals. The rate constants for the formation of these alkylperoxyl radicals are almost gas kinetic implying that E a ͓RϩO 2 →RO 2 ͔Х0.
One of the intriguing reactions that peroxyl radicals undergo is an internal H atom abstraction followed by elimination. 3 A ͑1,5͒ elimination produces an alkene and the hydroperoxyl radical while a ͑1,4͒ process generates an aldehyde ͑or ketone͒ and hydroxyl,
͑22͒
Table VI has the thermodynamics of ͑22͒. As ͑A16͒ and ͑A22͒ suggest, the ͑1,4͒ process is exothermic by ϳ1 eV while the ͑1,5͒ rearrangement is endothermic by about 1 eV ͓͑A23͒ and ͑A10͔͒. Since the alkylperoxyl radicals in ͑22͒ are produced in an exothermic manner by reaction of alkyl radicals with oxygen, the RO 2 radicals are likely to be chemically activated by ϳ35 kcal mol Ϫ1 so both cyclic elimination reactions in ͑22͒ are thermodynamically accessible. Consider the reactions of ͑a͒ the methyl radical with oxygen ͓͑1,4͒ elimination only͔, ͑b͒ tert-butyl radical with oxygen ͓͑1,5͒ elimination only͔, and ͑c͒ the oxidation of the ethyl radical where both the ͑1,4͒ and ͑1,5͒ processes are possible. With the explicit inclusion of the 32 kcal mol Ϫ1 RO 2 chemical activation, the production of the ͑1,4͒ products ͓aldehydes and hydroxyl͔ is now exothermic by about 55 kcal mol Ϫ1 while the generation of ͑1,5͒ products ͓alkenes and hydroperoxyl͔ becomes exothermic by ϳ15 kcal mol
We wish to suggest mechanisms for both the ͑1,4͒ and ͑1,5͒ rearrangements in ͑22͒. Our model features the interplay of the two low-lying electronic states of the peroxyl radical, RO 2 X 2 AЉ and Ã 2 AЈ. We realize that vibronic coupling will ''mix'' these two electronic states somewhat, so the schemes that follow are only approximate. Nevertheless we believe that our mechanisms will be valuable to help understand the framework underpinning the reactivity of peroxyl radicals.
The ͑1,4͒ RO 2 cyclic elimination commences with the combination of R and oxygen to produce the 2 AЉ ground state of RO 2 which is ''chemically activated'' by approximately 32 kcal mol Ϫ1 ͓see ͑A14͔͒; the activated complex in ͑24͒ is indicated by ͓CH 3 O 2 ͔ † . One could write a mechanism for this reaction as an internal proton transfer, .
͑24͒
What would be the activation barrier for ͑24͒? This has not been measured but the thermal elimination of hydrochloric acid from chloroethane is a comparable six-electron process, CH 3 . Consequently the activation energy for the proton transfer mechanism in ͑24͒ is roughly 50-60 kcal mol Ϫ1 . Rather than an ''ionic mechanism,'' Eq. ͑24͒, one could consider a ''radical process'' that features internal abstraction of a H atom rather than a proton. However the unpaired electron in RO 2 2 AЉ is poorly aligned to abstract the neighboring H atom. A more ''reactive'' configuration of RO 2 will be Ã 2 AЈ. As Eq. ͑21͒ suggests, excitation to the Ã 2 AЈ configuration requires roughly 20 kcal mol
͑25͒
The Ã 2 AЈ configuration is a different electronic state than the ground state. The ''V→E'' process in ͑25͒ has all the appearances of a ''reverse internal conversion'' and is unprecedented. Alternatively one could argue that the initial collision complex of R with O 2 undergoes a curve-crossing and produces the excited alkylperoxyl radical, RO 2 Ã 2 AЈ. For a ͑1,4͒ elimination, the activated Ã 2 AЈ state should have an additional cyclization barrier ͑making a four-membered ''ring''͒ to surmount before eliminating OH and producing the aldehyde/ketone in Eq. ͑26͒,
͑26͒
We estimate 61, 62 the cyclization barrier to be roughly 15 kcal mol Ϫ1 so if the ''V→E'' and cyclization energies are ''additive,'' the barrier to ͑1,4͒ cyclization will be roughly 1.5 eV or E a (1,4)Х35 kcal mol
Ϫ1
. Experimental evidence for collisional formation of the Ã 2 AЈ state of peroxyl radicals exists. The excited electronic state of HO 2 has been observed following thermal addition of H to O 2 in a fast flow reactor. 63 These experiments clearly detected near-IR chemiluminescence from HO 2 Ã 2 AЈ ( 3 р6) formed by the titration of H atoms with O 2 ; HO 2 Ã 2 AЈ→HO 2 X 2 AЉ. Since the RO 2 radicals have many similarities to the hydroperoxyl radical, the chemiexcitation of hydroperoxyl radicals at room temperature implies that energy transfer processes might form RO 2 Ã 2 AЈ following addition of R to O 2 . Since HO 2 Ã 2 AЈ is such a small molecule and cannot rearrange, chemiluminescence of near-IR photons is an important route to the hydroperoxyl radical ground state. Shock tube studies 64 of the reaction of CH 3 radicals with O 2 have provided some information about the properties of CH 3 O 2 . At temperatures above 1500 K, the decomposition of the methylperoxyl radical to O and OH were observed. It was reported 64 that the activation energy for the production of OH from CH 3 ϩO 2 was fit to E a (23a) ϭ251 kJ mol Ϫ1 (60 kcal mol
). If the ''chemically activated'' CH 3 O 2 Ã 2 AЈ configuration decomposes in a direct manner as in Eq. ͑26͒, the product OH radical will emerge rotating in the plane of the hydrocarbon. Such a mechanism should preferentially populate only one of the two possible ⌳ doublet states of OH ( 2 ⌸). The dynamics of a ͑1,5͒ HO 2 elimination from an organic peroxyl radicals will be similar to ͑1,4͒ OH elimination process. Reaction of the alkyl radical with O 2 will produce a RO 2 2 AЉ species that is chemically activated by about 32 kcal mol Ϫ1 ͓see Eq. ͑21͔͒. A synchronous proton transfer reaction by analogy to ͑26͒, will produce an alkene and the HO 2 radical. But a six-electron electrocyclic process produces HO 2 in the excited state, B 2 AЉ, not the ground state, X 2 AЉ,
collision-induced rearrangement of the tert-butylperoxide anion in the FA/SIFT apparatus to produce the hydroperoxide anion ͑CH 3 ͒ 3 COO Ϫ ϩHe→H 2 CvC͑CH 3 ͒ 2 ϩHO 2 Ϫ ϩHe,
͑32͒
These proposed mechanisms for peroxyl radical fragmentation in ͑24͒-͑29͒ are in accord with most of the published alkyl peroxide findings. The initial radical/radical addition, RϩO 2 , has been observed. 45 At temperatures up to 300°C, an equilibrium of RϩO 2 RO 2 is observed with only small concentrations of alkylperoxyl radicals. The decomposition of the organic peroxyl radicals is known to lead to several products depending on pressure and temperature. Above 400°C this equilibrium is shifted to the right and the RO 2 can form either aldehydes/ketones together with OH ͑1,4 abstraction͒, or produce alkenes and HO 2 radicals ͑1,5 abstraction͒. 67 Many ab initio electronic structure calculations have been reported for CH 3 72 to interpret the experimental rate constants for CH 3 CH 2 ϩO 2 to construct a more detailed reaction path consistent with the high temperature behavior of the reaction. This model shows that the ethyl radical and oxygen have no barrier to formation of the adduct, CH 3 CH 2 O 2 .
The oxidation of alkyl radicals by molecular oxygen has been theoretically studied several times. 71, 73, 74 These three papers provide a nice summary of the experimental findings for the simplest reaction, O 2 ϩCH 3 CH 2 →H 2 CvCH 2 ϩHO 2 . Ignatyev et al. 74 identified three general pathways for the reaction of ethyl radical with molecular oxygen; ͑a͒ formation of CH 3 CH 2 O 2 followed by concerted elimination of ethylene; ͑b͒ formation of CH 3 CH 2 O 2 followed by rearrangement to CH 2 CH 2 OOH and then elimination of ethylene; and ͑c͒ direct H atom abstraction by O 2 .
Pathway ͑c͒ is the direct abstraction of CH 2 CH 2 -H by O 2 and is believed to be a minor pathway. The activated complex for this direct process was located by carrying out ab initio electronic structure, B3LYP/TZ2Pf, calculations. 
